Context: It is unclear whether relative elevations in androgens or irregular menses (IM) are associated with greater cardiometabolic risk among women who are already overweight and glucose intolerant.
increase cardiometabolic risk among women without a diagnosis of PCOS is unclear.
Specifically, it is unknown whether these characteristics increase risk beyond the presence of impaired glucose tolerance and overweight alone. Although one meta-analysis noted that women with elevated total testosterone concentrations had higher risk of diabetes in cross-sectional analyses (10) , more recent longitudinal studies of women with a range of body mass indices (BMIs) and degrees of glucose tolerance have not observed associations between hyperandrogenism and diabetes (11, 12) . Reports also conflict as to whether hyperandrogenism is associated with coronary artery calcification (CAC) (13, 14) or carotid intima media thickness (15) (16) (17) (18) , both of which are indicators of subclinical atherosclerosis. Similarly, some studies report an association of IM with incident diabetes (19, 20) and incident coronary disease (21) in populations with a range of BMIs and degrees of glucose tolerance, but others have noted that these associations are no longer significant after adjustment for BMI (13, 22, 23) .
The Diabetes Prevention Program (DPP) randomly assigned overweight, nondiabetic glucose-intolerant participants to a program of intensive lifestyle modification (ILS), metformin, or placebo (24) . The follow-up observational cohort, the Diabetes Prevention Program Outcomes Study (DPPOS), has continued to ascertain incident diabetes semiannually and has also measured CAC. Thus, we were able to assess whether androgens or history of IM at study entry were associated with increased risk factors for cardiometabolic disease beyond their known associations with impaired glucose tolerance and increased weight. For the present report, we examined traditional and nontraditional cardiovascular risk factors, progression to diabetes, and presence of CAC. We hypothesized that women with relative androgen elevations or IM would have adverse risk factor profiles compared with other overweight and glucose-intolerant women without these conditions. We also hypothesized that the free androgen index (FAI), a measure of androgen levels, and IM would be associated with increased risk of incident diabetes and a higher prevalence of detectable CAC.
Research Design and Methods

Population and setting
The design, methods, and baseline characteristics of the DPP have been previously described (24) . Between 1996 and 1999, participants were recruited across 27 clinical centers located throughout the United States. Inclusion criteria were age $25 years, BMI $24 kg/m 2 ($22 kg/m 2 for Asian Americans), a fasting plasma glucose level of 5.3 to 7.0 mmol/L (95 to 125 mg/dL), and a 2-hour plasma glucose level of 7.8 to 11.1 mmol/L (140 to 199 mg/dL) after an oral 75-g glucose load. Eligible participants were randomly assigned to one of three interventions: 850 mg metformin twice daily, placebo twice daily, or ILS. The goals of ILS were to achieve and maintain a weight reduction of $7% through consumption of a low-calorie, low-fat diet, plus moderate physical activity for $150 minutes per week. Each participating institution was overseen by its respective ethics review board, and written informed consent was obtained from all participants.
IM, pregnancy, and menopause
Standardized interviewer-administered questionnaires were used to obtain other demographic and clinical data. At the time of DPP randomization, a screening questionnaire inquired about women's menses. Women were asked, "During most of your life, were your periods regular? That is, did they occur once a month?" (Do not include any time when you were pregnant or taking birth control pills.) Women who answered "no" or "sometimes regular, sometimes irregular" were classified as having IM. Questionnaires assessed previous use of estrogen, consisting of birth control pills or estrogen therapy, as well as menopausal status. Women were classified as postmenopausal if they reported absence of menses for a year, bilateral oophorectomy, or hysterectomy and age $55 years. Finally, current estrogen use was ascertained by study staff examination of pill bottles.
Sex hormone measurements
Ancillary investigations were conducted to ascertain associations between sex hormones and incident diabetes. Eligibility criteria included consent to participate in ancillary studies and plasma availability. Of the 2191 women originally randomly assigned, 2002 women underwent sex hormone measures on prerandomization DPP samples. For the purposes of this report, we excluded women who used estrogen therapy or oral contraceptive pills at baseline, resulting in 1422 participants. Women who were excluded were more likely to have been randomly assigned to the placebo arm and were older, more likely to be postmenopausal, white, thinner, and had lower testosterone, higher sex hormone binding globulin (SHBG), and lower FAI compared with women who were included (Supplemental Table 1 ). Of the 1422 women included in this report, 143 women did not have testosterone or SHBG measures; these women were included in analyses of IM but not of FAI. Blood samples for sex hormone measurements were collected fasting before 10 AM. Sex hormones were measured by Endoceutics (Quebec City, Canada) using liquid chromatography-mass spectrometry. SHBG was measured with an enzyme-linked immunosorbent assay (Bioline, Taunton, MA) with interassay coefficients of variation (CVs) of 7.8% and 5.0% at 18.2 and 63.1 nmol/L, respectively. The lower limits of detection were 20 ng/dL for dehydroepiandrosterone sulfate (DHEAS) and 2, 10, 0.2, and 10 pg/mL for dihydrotestosterone, testosterone, estradiol, and estrone sulfate, respectively. The lower limits of quantification were 100 ng/mL for DHEAS and 10, 50, 1, and 50 pg/mL for dihydrotestosterone, testosterone, estradiol, and estrone sulfate, respectively. Interassay variation (CV) was 10.2%, 10.7%, 7.0%, and 12.5% for DHEAS, testosterone, estradiol, and estrone, respectively, at the lower limits of quantification level. FAI was calculated as 100 3 (total testosterone/SHBG). Total circulating adiponectin was measured with a latex particle-enhanced turbidimetric assay (Otsuka Pharmaceutical, Tokyo, Japan). The within-run and between-run CVs for this assay are 6.21% and 9.25%, respectively. Plasma highsensitivity C-reactive protein (CRP) and fibrinogen were measured immunochemically with Dade-Behring reagent on the Behring Nephelometer autoanalyzer (Dade-Behring, Glasgow, DE), and the two CVs were 2.10% and 3.10% for CRP and 2.70% and 2.60% for fibrinogen, respectively. Tissue plasminogen activator (tPA) levels were measured in citrated plasma with an enzyme-linked immunosorbent assay (Asserachrom tPA; Diagnostica, Stago, France), which measures total tPA antigen, with CVs of 6.45% and 6.70% respectively.
DPPOS incident diabetes
At the conclusion of the DPP, participants had been followed for an average of 3.2 years. The placebo and metformin groups were unmasked as to their treatment assignment, and all participants were offered the ILS in a group format during a 1-year bridge period (25) . The surviving consent members (n = 3149) of the three original treatment arms were invited to participate in an observational follow-up, the DPPOS. Eighty-eight percent (n = 2776) joined. Maintenance group lifestyle sessions were offered quarterly to all DPPOS participants, and metformin continued to be provided to participants originally randomly assigned to metformin who remained eligible. As in the DPP, the development of diabetes was determined with a 75-g oral glucose tolerance test performed annually and fasting plasma glucose tests every 6 months. For diagnosis of diabetes, fasting plasma glucose $7.0 mmol/L or 2-hour levels $11.1 mmol/L had to be confirmed by a repeat test within 6 weeks; to keep diagnostic criteria similar between the trial and the follow-up, hemoglobin A1c was not used to diagnose diabetes. The DPPOS is ongoing, and participants in this analysis had been followed for~10 years.
DPPOS CAC
CAC was measured during year 10 of DPPOS in 2029 participants (74% of the DPPOS cohort) at all sites (26) . Participants who weighed .350 lb at the time of scanning were ineligible to participate because of the inability to acquire the relevant images on conventional equipment; 201 refused consent, 57 had a stent, 32 had atrial fibrillation, and 1 was pregnant. At the DPP baseline examination, participants who later underwent CAC studies had slightly higher minority race or ethnicity representation, were slightly younger, and had modestly lower BMI and lower systolic blood pressure, and slightly fewer were smokers compared with those who did not undergo the CAC assessment. Baseline metabolic measures were not different between tested and untested groups, except for slightly higher HDL levels in tested participants. The proportion with CAC measurements did not differ between treatment groups. Sixty-five percent of the 813 women with CAC measures (n = 532) underwent sex hormone measures and were not using exogenous estrogen and thus were included for the subanalysis of CAC.
Methods for CAC assessment have been previously reported (26) . Briefly, chest computed tomography was performed by certified technologists at each site. Subjects were scanned twice, and measurement of CAC was calibrated against a phantom of known physical calcium concentration. A radiologist or cardiologist read all computed tomography scans at the central reading center (Los Angeles Biomedical Research Institute at Harbor-University of California, Los Angles in Torrance, California) in a manner blinded to patient characteristics and treatment assignment. Discrepancies were reviewed and agreement obtained through consensus. For each scan, a total phantom-adjusted averaged Agatston score was calculated, defined as the sum of calcium measures from the left main, left anterior descending, circumflex, and right coronary arteries. For the purposes of the current report where the burden of CAC was low, we examined the presence and absence of CAC.
Statistical analyses
Baseline characteristics were described as n (percentages) for categorical variables and mean [standard deviation (SD)] or median (interquartile range) for quantitative variables with normal and skewed distributions, respectively. Differences between women in the upper 10th percentile and lower 90th percentile of FAI (Table 1 ) and with and without histories of IM (Table 2) were tested via the x 2 test for independence for categorical variables and the t test or the nonparametric Wilcoxon test, as appropriate, for continuous variables. There is no agreement on what FAI cutoff point is consistent with hyperandrogenism, because of variability in testosterone levels and poor standardization of assays. Consequently, the upper quartile or upper 5th or 10th percentile of FAI is commonly and arbitrarily used to define androgen elevation within a particular study population. We examined whether another FAI cutoff point existed by using k-means clustering (27) and also whether there were cutoff points in FAI at which the hazard of diabetes changed markedly by using classification and regression trees (28) ; neither method revealed another cutoff point, so the 10th percentile was used. Analyses were stratified by menopausal status (Tables 1 and 2 ) or adjusted for menopausal status (Tables 3 and 4) . To examine the relationship between the variables of FAI and IM with incident diabetes during the DPP and the DPPOS, we constructed Cox proportional hazards models that adjusted for baseline age, race or ethnicity, randomization arm, BMI, and A1c (Table 3) . Analyses of incident diabetes throughout the DPPOS included incident diabetes in the DPP. Additional evaluations for interactions with randomization arm when randomization arm was a covariate were performed by adding interaction terms between randomization arm with IM and randomization arm with FAI; interaction terms were not significant, and thus models combined data across randomization arms. Similarly, evaluations for interactions with menopause in models examining diabetes risk were performed by adding interaction terms between FAI and menopause and IM and menopause; neither of these was significant, and thus models combined data across menopausal status. To examine the relationship between FAI and IM with the odds of any CAC at year 10 of the DPPOS, we constructed logistic regression models that adjusted for baseline age, race or ethnicity, randomization arm, BMI, and A1c (Table 4) .
In sensitivity analyses, we attempted to characterize the risk of incident diabetes ( Fig. 1) and odds of prevalent CAC (Fig. 2) among women who had both relative elevations in FAI and IM. As with diabetes risk, interaction terms for randomization arm and for menopause with FAI and IM were not significant, and thus models combined data across randomization arms as well as menopausal status; analyses presenting stratified results are presented in Supplemental Tables 2  and 3 . Analyses were performed in R software version 3.4.0 Results Table 1 shows participant characteristics at baseline by category of FAI elevation and menopausal status. Women had an average age of 48.2 6 9.9 years; premenopausal women had an average age of 42.9 6 5.8 years, and postmenopausal women had an average age of 56.4 6 9.4. Among women who were premenopausal at baseline, women in the upper 10th percentile of FAI were slightly younger. Premenopausal women with higher FAI also had greater BMI, waist circumference, postchallenge glucose, DHEAS, estradiol, and estrone sulfate concentrations. Premenopausal women with higher FAI also had higher diastolic blood pressure (DBP) and lower insulin sensitivity, HDL, and adiponectin. In these unadjusted comparisons, presence of CAC was similar by FAI percentile. Among women who were postmenopausal at baseline, women with higher FAI were slightly younger and had higher waist circumference and estrone sulfate concentrations, although glucose levels and sex hormone concentrations (other than testosterone and SHBG) were similar between groups. Among postmenopausal women, no significant differences in other markers of risk were observed by FAI status. Table 2 shows participant characteristics at baseline by history of IM and menopausal status. Among women who were premenopausal at baseline, women with a history of IM were slightly less likely to be African American. Premenopausal women with histories of IM had higher BMIs and waist circumferences than women without such histories. Sex hormone profiles were similar by IM, except that women with IM had higher FAI and testosterone concentrations than women without such histories. Premenopausal women with histories of IM had lower adiponectin and higher DBP. In these unadjusted comparisons, presence of CAC was similar by FAI status. Among women who were postmenopausal at baseline, women with histories of IM were younger and more likely to be Hispanic and less likely to be African American. Postmenopausal women with histories of IM had higher BMI, waist circumference, and estradiol and estrone-sulfate levels and lower insulin sensitivity, systolic blood pressure, HDL, and adiponectin levels than women without such histories. Table 3 shows the risk of incident diabetes during the DPP and DPPOS associated with FAI and IM. None of these exposures were associated with increased risk of progression to diabetes during the DPP or the DPPOS, before and after adjustment for covariates. Table 4 shows the odds of any CAC at year 10 of the DPPOS associated with FAI and IM. None of these exposures were associated with increased odds of any CAC, before and after adjustment for covariates.
We conducted several sensitivity analyses. We determined whether the subset of women with both FAI elevations and IM, two central components of PCOS, had greater risk of diabetes than women without either FAI elevations or IM: 1000 women were included in this analysis, 40 of whom had both conditions and 960 of whom had neither IM nor elevated FAI. In multivariable models that adjusted for menopausal status, age, race or ethnicity, randomization arm, and BMI, women with both conditions had a similar risk of progression to diabetes during the DPP and the DPPOS as women without either condition (Fig. 1) . We also evaluated whether the subset of women with both FAI elevations and IM had higher odds of any CAC compared with women with lower FAI and regular menses. In multivariable models, these women had a similar pattern of risk compared with women with either FAI elevations or IM, that is, there was no association (Fig. 2) . Finally, we performed stratified analyses by menopausal status, but we found similar patterns to when menopause was used as an adjuster (Supplemental Tables 2 and 3) .
Conclusions
PCOS is a well-recognized risk factor for increased risk of diabetes and for subclinical and clinical cardiovascular disease. Studies have differed regarding whether the elevated androgens or IM that characterize PCOS also confer increased risk in women without PCOS.
Specifically, it is unclear whether these conditions confer additional risk in women who are glucose intolerant and overweight, the primary risk factors for diabetes. Using data from the DPP and DPPOS, a large multiethnic cohort of women at high risk for diabetes, we found that neither higher androgen levels nor IM conferred additional risk for diabetes or CAC burden. Although our results do not rule out the possibility that relative androgen elevations or IM increased risk of glucose intolerance or overweight, our findings suggest that the presence of these disorders does not modify progression from impaired glucose tolerance to diabetes nor increase risk of atherosclerosis, as reflected by CAC.
Whether the androgen elevation that is typical of PCOS can also be associated with increased risk of cardiometabolic disease for women without PCOS has been controversial. The majority of previous studies have examined women with a range of BMIs and degrees of glucose tolerance. A 2006 meta-analysis found crosssectional associations, but longitudinal associations had borderline significance (29) . Our findings are similar to more recent longitudinal studies (11, 12) that suggest that relative elevations in androgens do not confer risk beyond associations with initial elevations in BMI and glucose intolerance. Even though women with elevations in FAI also had additional diabetes risk factors such as lower adiponectin levels (30), it did not increase their overall risk of diabetes compared with women with lower FAI who were also obese and glucose-intolerant. Several previous reports have suggested that elevations in total testosterone are associated with greater carotid intima media thickness (15) (16) (17) (18) 31) , although associations between androgens and presence of CAC have not been significant (13, 14, 16) . We found that even though relative elevations in androgens at DPP baseline were associated with poorer metabolic indices, these did not translate to greater CAC burden a decade later. It is possible that androgens have different effects on different vascular beds or that the relative burden of subclinical atherosclerosis was low and burden of CAC not particularly sensitive to androgen associations. With longer follow-up, it is possible that the association between androgen levels and CAC would be stronger. However, the lack of association with CAC is reassuring in that the absence of CAC tends to be more strongly associated with incident cardiovascular disease than other subclinical markers (32, 33) .
Previous reports have also been inconsistent regarding associations between IM and cardiometabolic risk among women without known PCOS. Studies have reported significant associations with incident diabetes (19, 20) or no associations (11, 23) . Definitions of IM differed across studies and may have contributed to the disparate results, along with the examination of participants explicitly diagnosed with PCOS as well as those without diagnosed PCOS. In the latter population, IM may be more likely to be multifactorial. To our knowledge, only one longitudinal study has examined whether IM are associated with subclinical atherosclerosis and, similarly to our study, noted no association (11) . Two studies have examined the relationship between IM and coronary disease outcomes; one noted no association with coronary heart disease mortality after adjustment for BMI (22) , and the other found a significant association between IM and coronary disease (21) . It is possible that these reports differed because of a stricter definition of IM in the latter report, which required $40 days between cycles or irregularity that did not allow estimation of cycle length (21) , thus capturing women with more severe degrees of hormonal abnormalities.
It is possible that the relationship between elevated androgen levels and future risk of diabetes and cardiovascular disease is mediated through obesity and associated abnormalities. Using data from the Study of Women's Health Across the Nation, El Khoudary et al. (34) noted that a higher FAI was associated with CAC in nonobese women but not in obese women. Among premenopausal women, higher FAI was associated with higher BMI and waist circumference as well as higher postchallenge glucose, higher DBP, and lower insulin sensitivity, HDL, and adiponectin. It is also possible that PCOS increases cardiometabolic risk through pathways other than elevated androgen levels and those involving the menstrual cycle. Thus, these conditions may serve as a proxy for other cardiometabolic risk factors in the PCOS population (35) ; other reports have noted that male relatives of women with known PCOS have elevated cardiometabolic risk, suggesting shared genetic risk factors (36) . In support of this hypothesis, one report found that women with PCOS, defined as a combination of hyperandrogenism and IM, had increased odds of CAC, but neither isolated hyperandrogenism nor IM alone predicted burden of CAC (13). We did not find that the combination of these conditions increased risk, although the number of women with both conditions in our sample was small.
Currently, no single definition of biochemical hyperandrogenism in women exists because of variation in the assays used across studies and the decline in average androgen levels with age. Longitudinal studies of cohorts with PCOS have noted that androgens decreased over the reproductive lifespan and may be unremarkable in the fourth decade of life (37, 38) even as their waist circumference and degree of insulin resistance remain elevated compared with women without PCOS. We examined a cohort of women whose average age was~50 years. Even though we examined relative elevations in androgen levels within the cohort, we may not have captured women with histories of elevated androgen levels in their earlier reproductive years. This possibility is supported by the fact that relative elevations in androgens were associated with a higher number of differences in cardiometabolic markers in premenopausal compared with postmenopausal women. Along similar lines,~44% of women with PCOS eventually have regular menses before menopause (37) . We note that the DPP requirements for overweight and glucose-intolerant women may have captured women who developed these conditions subsequent to histories of PCOS, and we were unable to determine the chronological order of their development of IM and hyperandrogenism in relation to their enrollment criteria.
The strengths of this report include its use of a comparison group that was also overweight and glucose intolerant, as well as longitudinal assessment of diabetes and examination of subclinical markers of atherosclerosis and an extensive list of biomarkers. We also used sensitive mass spectrometric methods to assess sex steroid measures, which is particularly pertinent for measures of sex steroids in postmenopausal women. However, there are several limitations. As is true for other reports of hyperandrogenism in midlife women, no single cutoff point exists, and it is possible that women were misclassified, although we addressed this issue to some extent by defining androgen elevations within the population. IM was obtained by self-report, and further details of cycle duration and variability were not available. Transvaginal ultrasound was not performed, and data regarding ovarian size and polycystic ovarian morphology were not available. The measurement of other hormones to rule out other endocrine disorders that can cause IM, such as thyroid-stimulating hormone, prolactin, and 17-hydroxyprogesterone, was not performed. Finally, the burden of CAC was low, and thus our power to assess odds of CAC was limited.
We conclude that compared with midlife women who are already glucose intolerant and overweight, histories of IM and relative elevations in androgens do not additionally increase risk or the burden of subclinical atherosclerosis. Although our report does not rule out that these conditions may identify women at risk in their younger years, it suggests that chronic disease burden in midlife women may be most effectively addressed through weight loss, metformin, and the other diabetes prevention measures already known to be beneficial for all women at elevated risk for diabetes. Future investigations should examine whether relative elevations in androgens or IM may further define high-risk women at younger ages.
